Prevailing atmospheric conditions can have a significant impact on the performance of large mega-watt wind turbines. A purely experimental evaluation of this impact is currently not possible and hence numerical techniques have been employed in this work. With the focus on aerodynamic performance of wind turbine, an attempt is made to realize the following objectives: (a) To evaluate the predictive capabilities of fully resolved Sliding Mesh Interface (SMI) transient simulations around the wind turbine against the steady state Multiple Reference Frame (MRF) simulations (b) To investigate the performance of the wind turbine subjected to uniform inlet profiles against atmospheric boundary layer profiles. (c) To study the effect of atmospheric stability on wind turbine performance. The methods are validated first and then implemented on a national renewable energy laboratory 5 MW reference wind turbine model for the aerodynamic study. Highly uneven and irregular wake profiles are seen with variation in input conditions(TKE). Uneven distribution of flow velocity in the lateral direction enhances the momentum transfer with in the shear layers and contributes positively towards the wake recovery. It is also found that in unstable stratified conditions, the positive buoyancy flux at the surface creates thermal instabilities which enhances the turbulent kinetic energy and the turbulent mixing, and helps the wake to recover faster.
I. Introduction
With the size of operational wind turbines increasing rapidly and already in the range of 100-150m, the impact of Atmospheric Boundary Layer (ABL) on the performance of wind turbines is becoming an important criterion to be taken into account during the design phase of wind turbines. The height of planetary boundary layer might vary from 100m during the night to a few kilometers during the day. Closer to ground, the variations in wind and temperature profiles are very sharp and can result in structural loads that can damage a wind turbine. It is therefore, important that the impact of ABL on wind turbines be understood either through experiments or numerical simulations. The former approach is ruled out because the wind tunnel based conclusions can never be scaled to the actual dimensions. It is also not economically feasible to conduct experiments due to huge sizes of existing mega watt wind turbines. Usually, there is also no physical model of a turbine available at the initial design stage. Several efforts 123 have been made until now, however, all of them are conducted inside small wind tunnels with scaled down geometries. Recently, numerical approach using computational Fluid Dynamics (CFD) to model flow around rotating structures is getting significant attention with the current advancement in computing technology. 4 This motivated us to utilize this framework into the present analysis. There is still a lack of literature utilizing ABL to simulate flow characteristics and wind turbine performance at a real scale in a fully resolved setting. To this end, we present some preliminary results from a study we are conducting with the 5MW NREL wind turbine under the influence of real ABL profiles obtained from the observation data using radiosondes and numerical weather prediction codes close to the Norwegian coast. With the current study we have realized two objectives. Firstly, we evaluated the computational efficiency and accuracy of two numerical modeling approaches; one based on the Sliding Mesh Interface (SMI) 5 and another on Multiple Reference Frame (MRF) to estimate the torque and wake deficits associated with the turbine. We also studied the effects of atmospheric stability (neutral, stable and unstable) and wind shear on a 5MW wind turbine performance.
II. Approach and methods

A. CAD model
The 5MW NREL turbine consists of three 63m long blades defined in terms of cross sectional profiles (DU21, DU25, DU30, DU35, DU40 and NACA64) and twist angles at different locations away from the hub. 6 The slight twist angle along the blade length helps in accommodating the variations in relative wind velocity from root to tip. The details of the inherent characteristic of CAD model are shown in Table 1 .
B. Computational mesh & boundary conditions
Finite element parametric mesh is generated with boundary layer prism elements near the blade boundary layer and unstructured polyhedral cells encompassing the rest of the domain. Additional layers consisting of hexahedral elements have been used close to the ground. The mesh consists of 6 million cell elements. Inflow and outflow boundary conditions are applied on the inlet and exit faces of the domain respectively. On the turbine and ground surface, a no slip boundary condition is applied for the velocity components and a wall function (Spalding approximation for the blade surface and ABL profile for the ground surface) is used to compute the boundary condition for the k and equations at the near wall nodes. A slip boundary condition is applied on the lateral as well as the top surfaces of the domain as shown in Figure 1 . The domain is further divided into two zones: stationary and rotational. The rotational domain includes the full turbine rotor and is relatively more refined. For all the simulations in this work, we used either a uniform profile of wind, turbulent kinetic energy and dissipation or a profile describing an ABL conditions using Eqn. 1, 2 & 3. With in the bottom surface layer the mean variation in velocity is defined by the log profile pertaining to neutral conditions. The free steam U ∞ at reference height is selected as 9m/s.
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where u * , z 0 , z and D represent friction velocity, surface roughness, height above the ground surface and boundary layer thickness, respectively. The constants have the value of κ = 0.42, C µ = 0.09. The mean velocity is normalized by the friction velocity given by u τ , where as the height is normalized by the z 0 which is the height at which the surface velocity approaches zero. The terrain roughness also parametrizes the type of surface the turbine is placed in. Rotational speed of the turbine is fixed at Ω = 10rpm to give a tip speed ratio (TSR) of 7.5. Reference fluid density ρ = 1.225kg/m 3 and dynamic viscosity µ = 1.82×10 −5 kg/m.s are used for all the calculations. The flow Reynolds number is considered to be in the order of 10Million, which is based on the average chord length of the cross sections located at 75% of the span. The flow variables inside the domain are initialized using the value equal to the inlet values. Before running the standard solver, an analytic solution is projected over the domain, which substantially increase the solution accuracy and convergence. The computations are conducted at the time scale of 10 −4 sec. The time step size is originally based on the courant number requirement which keeps the solution with in the accuracy limit.
III. Case setups
A. Solver details
The solvers based on MRF and SMI are created in OpenFOAM-2.3.0 (OF). To ensure continuity, OF uses an elliptic equation for the modified pressure which involves combining the continuity equation with divergence of momentum equation. This elliptic equation along with the momentum and turbulence equation are solved in a segregated manner using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm. The OF uses a finite volume discretization technique, wherein all the equations are integrated over control volumes (CV) using Green Gauss divergence theorem. The gauss divergence theorem converts the volume integral of divergence of a variable into a surface integral of the variable over faces comprising the CV. Thus, the divergence term defining the convection terms can simply be computed using the face values of variables in the CV. The face values of variables are obtained from their neighboring cell centered values by using convective scheme. In this work, all the equations (except k and turbulence equations) use second order linear discretization scheme, while the turbulent equations use upwind convection schemes. Similarly, the diffusion term involving Laplacian operator (the divergence of the gradient) is simplified to computing the gradient of the variable at the face. The gradient term can be split into contribution from the orthogonal part and the non-orthogonal parts, and both these contributions have been accounted for.
IV. Governing equations
A. Sliding Mesh Interface
Sliding mesh model is an accurate method for simulating flows in multiple moving reference frames. However, even with the advancement of current computing technology, it is still considered computationally intensive.
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Time dependent solution of Navier Stoke equation is achieved, while the turbine physically rotates at every time step. The advantage associated is accurate balance of fluxes at the interface boundaries. 8 The following set of governing equations are solved:
B. Multiple Reference Frame
The computational domain is divided into two zones, therefore two sets of governing equations are implemented. The rotational zone contains the turbine rotor and modeled with the effects of rotation source terms in the form of coriolis and centrifugal forces. At the interface boundary, a transformation is applied in order to enable flow variables located inside one zone to be used to calculate fluxes at the boundary of adjacent zone. 5 In the stationary zone the following set of equations for mass and momentum are solved:
where u a is the absolute velocity as seen from a stationary reference frame. In the rotating rotational zone the same equations are rewritten in terms of the relative speed u r (relative to the rotating frame of reference) given by:
where Ω is the rotational speed of the reference frame with respect to a stationary observer (here it will also be equal to the rotational speed of the turbine), p is pressure, ν is the kinematic viscosity of the air and ν t is the turbulent kinetic viscosity. To account for the thermal stratification effects into the momentum equation a gravity force term ρg k is added to Eqn.9 which accounts for the changes in buoyancy in stratified conditions and represented as body forces. This term is evaluated using the Boussinesq approximation
where β, T ref and g are the thermal expansion coefficient, reference temperature and gravity, respectively. The energy equation is solved with the following variables
where c p , k indicate the specific heat capacity and thermal conductivity. 
V. Results & Discussion
First the simulations are performed with SMI and MRF to validate the computational methodology against experimental data. While, one of the objectives is to perform sensitivity study in terms of accuracy and robustness, therefore a preliminary comparison of both methods is presented first in section A. All the studies performed in section A and B are limited to purely neutral condition, thus we have ignored the influence of free-atmospheric stratification. Where as, an inlet potential temperature profile is introduced for simulating the behavior under stable and unstable stratification conditions in section C.
A. MRF vs. SMI
Conversion of kinetic energy of wind into mechanical energy of the rotor shaft produces a region of reduced velocity (wake) in downstream direction of the turbine. It is therefore desirable for a certain computational model to capture the corresponding wake effects adequately. The two methods employed in the present study successfully capture the wake, which can be apparently seen from the W shaped profiles of velocity deficit adjacent to rotor. For a quantitative comparison, time averaged wake deficit obtained from SMI simulation is compared with MRF steady state solution. Both methods are characterized by rotating and stationary regions, which are connected to each other with an interface. Rotational effects have produced unsteady interactions which are present due to pressure waves and propagate due to wake effect.
9 SMI has captured these variations adequately and produced reasonable results (see 10 ). Where as MRF failed to characterize these interactions, which are certainly there because of underlying steadiness in the solution.
The computational cost associated with MRF is found to be significantly low as compared to SMI, which required 256 cores on a 2.6GHz Intel(R) Xeon(R) CPU machine ( 11 ). Where as, MRF methodology required 8 cores on 3.2 GHz Intel(R) Xeon (R) CPU's. To compare the two methods, simulations are initially conducted with neutral atmospheric conditions and uniform inlet profiles of u, k, . MRF simulations are run until a steady state solution stage is achieved. Where as, SMI is simulated for at least three complete turbine rotations to avoid the error due to initialization. The former has achieved convergence in three days, unlike highly computationally expensive SMI, which required one week to simulate only one turbine rotation.
Normalized velocity deficit profiles in the lateral direction are plotted at variable axial distances of 0.15R, 0.30R 0.45R, 0.60R, 0.90R and 1.30R from the turbine rotor (Figure 2 ). It is evident that close to turbine (≈< 0.3R) SMI over predicts the wake deficit, however the trend sis found to be reversed away from it(≈> 1R). Another noteworthy observation is a relative good agreement in the profiles away from the hub (z > 0.5R) and between 0.3R − 0.6R distance from the turbine along the direction of the flow. This can be attributed to the fact that flow remains attached to the blade cross sections located away from the hub while there are massive flow separations, vortex shedding and associated unsteadiness close to the hub. When it comes to torque (Figure 3(a) ), we observe that MRF over predicts torque compared to not only SMI but also VMS ( 12 ) and blade element theory ( 13 ). However, in the absence of reliable experimental value of torque it is difficult to claim anything about the accuracy and we employed MRF for further analysis in the following subsection. Figure 4 contains the normalized profiles of velocity along with turbulent kinetic energy and dissipation rate in the domain employed for numerical study. Logarithmic law for ABL is well defined for velocity profile inside the computational domain. Vertical profiles employed for distribution of turbulent kinetic energy and dissipation rate are formed from the empirical relationships given in Eqn. 1, 2 and 3. Profile 1 & 2 correspond to strong velocity shear present inside the atmospheric boundary layer, where the former profile is produced with the maximum surface roughness value near the ground. Sharp gradients of velocity, especially along the surface give rise to shear production with enhanced level of turbulent transport energies.
B. Atmospheric boundary layer profiles
14 To model it efficiently, profiles of turbulent kinetic energy and dissipation rates are provided with linear variation across the domain with significantly higher values near the ground. Profile 3 is developed with log shaped velocity variation until the center of rotor, which becomes uniform down to the boundary of computational domain. This distribution is used to evaluate the turbine performance under uneven variation of incoming flow velocity across the rotor. Profile 4 corresponds to an optimal behavior of the uniform variation across the domain with constant values of field variables. Extraction of energy by the turbine lead to distortion in field variables, especially a sharp reduction in velocity is observed behind the turbine. To develop a better understanding of the qualitative behavior, velocity contours are plotted at all ABL profiles in Figure 5 . It is observed that the developed flow field characteristics in the downstream directions are depending mainly on the particular type of inlet atmospheric condition. Effect of varying velocity distribution in the lateral direction is evident by the relative difference in the velocity reduction pattern in the downstream direction. In general, the flow distribution of three bladed NREL 5MW rotor has shown tip vortices, along with central vortices emanating from the sections located near hub at all profiles. The ring of high vorticity corresponding to the inner section is identified as the most dominant vortex structure from the contours. These vortices are symmetric in the uniform profile case, where as due to variation in sharp velocity in the lateral direction, the vortices on the upper side of the rotor center travel faster as compared to the lower. Hence, wake behavior for uniform profile has shown even distribution of wake deficit across the center in the downstream direction. Rotor assembly for the current configuration is such that the two blades are located below the rotor centerline, therefore, higher wake deficit due to enormous flow separation in the inner section is found in the lower half. Also an unsymmetrical wake is observed, with the wake recovery found to be faster on the upper half as compared to lower half of the rotor in the cases of both profile 1 and profile 2(see Figure 7(a) ). Furthermore, the same effect is also apparent in the case of profile 3. Due to the presence of shear across flow streamlines, the helical vortices are stretched inside the domain in the downwind direction.
15
The dynamics of the flow field on the rotor plane are shown in Figure 6 . The boundary layer profile near the ground surface can be possibly observed from the contours. Simulation results of profile 1, 2 and 3 have shown that ground surface roughness leads to reduced flow velocity which can affect the turbine performance along with the wake recovery pattern. However, large shear near the ground contributes positively towards turbulent kinetic energy and dissipation rates to have higher values, which play a significant role to compensate for the loss in momentum transfer due to reduced incoming velocity. This effect is incorporated in the simulations with the linear reduction of turbulent kinetic energy and dissipation rate away from the ground surface. However, even with the higher values of field variables(k, ) near the ground, the wake has found to recover faster on the upper half of the turbine under certain ABL conditions (see Figure 7(a) ). Overall, profile 2 and 3 correspond to sharp variation in the incoming velocity, therefore the velocity recovery is higher than profile 1, which results in slowest recovery of wake. Where as, for uniform profile, the wake has found to recover evenly on the upper and lower half, since it has fixed values of input field variables.
To quantify the phenomenon of wake recovery in the downstream direction, the velocity deficit is plotted for all ABL profiles in Figure 7 . The quantities are plotted at a distance of 0.15R, 0.30R 0.45R, 0.60R, 0.90R and 1.30R from the rotor center. The quantified wake distribution is also found to be symmetric, which is also obvious from the qualitative contours of velocity( Figure 5) . However, the profiles become asymmetric for the ABL case. In general, higher wake deficit is observed in ABL profiles as compared to the uniform conditions. Near the rotor (≈ 0.15R − 0.3R) this deficit varies from almost 20% to 5% at downstream distance of ≈ 1R. ABL profile 3 has shown slow wake recovery in the lower part of rotor as compared to the upper one, where it has followed the same trend as uniform profile. The ABL profile 1 has shown the slowest wake recovery which is attributed to large variation in velocity and high surface roughness values. Similar observations are identified for profile 2, however it has recovered relatively faster than profile 1. Overall, the wake profiles extracted adjacent to the rotor have shown more dramatic reduction in velocity along with an oscillatory behavior. Considering the sudden changes in flow due to strong vortices and negative pressure gradients this prediction looks reasonable. Interestingly, at ≈3R distance the wake deficit in upper half for ABL profiles has found to depict a similar behavior. Where as, momentum recovery is less pronounced in the lower half even at this distance. In general, the overall pattern of wake corresponds to the specific design of wind rotor. 16 Herein, the angle of attack of various turbine sections plays a significant role in the evaluation of wake downstream. Inherently, the inner sections of turbine blade are designed to promote structural efficiency, therefore high vortices are expected to emanate from here, which in turn cause oscillations in the flow downstream.
9 Overall, the fluctuations in the ABL profiles are found to be 80% aligned with the flow field at three radius away from the turbine under neutral conditions.
C. Effect of atmospheric stability
To model the variation of rotor in a thermally stratified environment a 3D solver is implemented, which simulates the behavior under thermal stratification inside the atmospheric boundary layer. We incorporated the effects of strong shear and introduced the lateral variation of temperature to account for stable and unstable stratification effects. It is highly challenging to simulate such behavior accurately which is mainly attributed to the large variation in shear along with the anisotropy present in the flow. 17 The thermal stratification effects are included by incorporating the buoyancy induced turbulence (Equation 11) and assuming Boussinesq approximation for density. Currently, the model does not account for moisture and the associated condensation when air parcels are lifted, which can affect the stability of the air. shows the potential temperature profiles employed to model neutral, stable and unstable stratified conditions. The field values of the parameters ( , k, U ) are used as described in ABL profile 1. Figure 7 (b) is plotted to obtain a more quantitative understanding about normalized velocity profiles in each thermally stratified atmospheric condition. The simulations of unstable stratified conditions have predicted faster wake recovery in comparison to the stable condition, which is considered due to high momentum transport and turbulent mixing present owing to buoyant convection. In contrast, in the stable condition, the negative buoyancy flux at the surface damps the turbulence and, consequently, reduces the turbulent mixing. Therefore, the wake recovery pattern is directly affected by the amount of molecular diffusion present in the lateral direction, which in turn depends on the stratification effects. The plot shows that the fastest wake recovery is possible in the case of unstable conditions, where as stable condition offers least desirable mechanism for wake recovery. Figure 8 displays contour plot of velocity reduction in the downstream direction under stratified conditions. A region of reduced velocity is clearly visible in the case of thermally stratified conditions, however, the wake is found to rise up and expand in unstable condition. This phenomenon can also be seen in the quantified plots and reflects the higher momentum transfer due to buoyant convection. Overall, the simulations have captured a realistic observation of wake pattern behind the turbine in stratified atmospheric conditions. It is therefore evident that the atmospheric stability plays a significant role in determining the characteristics of turbine wake and its performance. 
VI. Conclusion & Future Work in Final Paper
An aerodynamic analysis of NREL 5MW wind turbine with atmospheric conditions is implemented. The present study aims to compare the MRF and SM methodology with experimental data for studying large scale wind turbines. The two methods are tested for their accuracy, efficiency and robustness. The validation is performed with the experimental data of NREL 5MW wind turbine found in the literature 6 . 18 The validation therefore shows enough evidence that the wake characteristics predicted by the present analysis are accurate and the aerodynamic characteristics of the blade are closely related to the wake characteristics. The notable observations are as follows. A W-shaped velocity profile is observed downstream at the uniform inflow conditions, where as the shape of the profiles varies corresponding to specific ABL profile. The helical tip vortices emanating from the blades are found to travel faster in the upper half as compared to the lower half which significantly effects the wake pattern behind the turbine. In general, the wake width remained constant in all the neutral atmospheric profile which is observed to be approximately equal to the rotor diameter. However, the wake is found to expand and rise up in the case of unstable stratified conditions. All the wake profiles both in lateral direction started to become flatter at ≈3R downstream which has predicted the momentum recovery due to turbulent diffusion. The simulations of unstable stratified conditions have predicted faster wake recovery in comparison to the stable and neutral conditions, which is considered due to high momentum transport and turbulent mixing present owing to buoyant convection. 
